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Pre-transmembrane domainDetermination of themembrane spanning domains of highly hydrophobic proteins from its primary structure, i.e.,
sequence, is cumbersome. However, transmembrane topology is better correlated with protein secondary struc-
ture thanwith the primary one. In this workwe have determined the number and location of the transmembrane
domains of the highly hydrophobic hepatitis C virus NS4B protein by studying the water-to-bilayer and
water-to-interface transfer free energies of thirty-one different hepatitis C virus strains assuming that NS4B
forms anα-helicalwheel. Additionally, we have studied the effect of a peptide library encompassing the full length
of the NS4B protein hepatitis C virus strain 1a_H77 on the phase transitions of DEPE through the use of differential
scanning calorimetry. Our ﬁndings show that NS4B protein has ﬁve transmembrane domains and, as previously
suggested, three interfacial segments. One of these segments, segment AH2, could behave similarly to viral
pre-transmembrane segments, which would partition into and interact with the membrane and be responsible
for the ﬂuctuation of the protein between different topologies and therefore possible locations.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Hepatitis C virus (HCV) is an enveloped positive single-stranded RNA
virus included in the genus Hepacivirus, family Flaviviridae. Hepatitis C
virus (HCV) has emerged as a serious global health problem since the
virus was ﬁrst identiﬁed as it is the major cause of liver diseases as well
as other extrahepatic illnesses [1–3]. The variability of the HCV proteins
gives the virus the ability to escape thehost's immune surveillance system
and notably hampers the development of an efﬁcient vaccine. The HCV
genome encodes a polyproteinwhich is cleaved to producemature struc-
tural and non-structural proteins [4,5]. HCV entry into the host cell is
achieved by the fusion of viral and cellular membranes, the replication
of its genome occurs in a membrane-associated replication complex,
and morphogenesis has been suggested to take place in endoplasmic
reticulum (ER) modiﬁed membranes [6]. Every step of the RNA replica-
tion seems to be connected to host cell lipids and is strongly inﬂuenced
by lipid composition; signiﬁcantly, localization of viral proteins involved
in intracellular viral RNA replication in speciﬁc lipid domains depend on
proteinNS4B [7]. There are unique ties of theHCV life cyclewith lipidme-
tabolism and a speciﬁc lipid environment; in all cases protein NS4B is en-
gaged in one way or another [8,9].
NS4B is fundamental in the HCV replicative process, is the least char-
acterizedHCVprotein and is a highly hydrophobicmembraneprotein as-
sociated with membranes of an ER-derived modiﬁed compartment [10].
The expression of NS4B induces the formation of signiﬁcant intracellularlecular y Celular, Universidad
: +34 966 658 762; fax: +34
l rights reserved.membrane changes, the so calledmembranousweb [11],which has been
postulated to be the HCV RNA replication complex. Thus, a function of
NS4B might be to induce a speciﬁc membrane alteration that serves as
a scaffold for the formation of the HCV replication complex. Due to the
highly hydrophobic nature of NS4B, a detailed structure determination
of this protein is very difﬁcult to obtain. NS4B is amultifunctional integral
membrane proteinwith several transmembrane domains [10]. NS4B has
ATP/GTPase activity [12], displays anti-apoptotic activity [13], is
palmitoylated in the C-terminal region and its N-terminal domain has a
potent polymerization activity [14]. NS4B is also capable of binding to
several host proteins [15]. The C-terminal part of NS4B is crucial for
NS4B self-interaction and the formation of functional HCV replication
complexes [16]. It contains twoα-helical elements, H1 and H2, essential
for replication and potential targets for HCV replication inhibitors [17].
The N-terminal part of NS4B contains a structurally resolved amphipath-
icα-helix, AH2, which has been shown to play an important role in HCV
RNA replication, has the potential to traverse the phospholipid bilayer as
a transmembrane segment and is engaged in oligomerization [14,18].
Computer analyses and experimental data based on glycosylation
mapping predicted that NS4B possesses four or even ﬁve transmem-
brane domains with either the N terminus in the lumen and the C termi-
nus in the cytoplasm or both the N and C termini oriented towards the
cytosol [10,19–23]. The model proposes two conformational states of
the N-terminal tail of NS4B, an orientation towards the cytoplasm and
a translocation of the NS4B N terminus across the ER membrane with
the formation of a ﬁfth transmembrane domain [20]. This translocation
can be associated with the membrane-changing capacity of NS4B [20].
Motivated by the need to understand the interaction between the highly
hydrophobic HCV NS4B protein with membranes, considering that it is
fundamental in the viral RNA replication process, and additionally, that
2959F. Palomares-Jerez et al. / Biochimica et Biophysica Acta 1818 (2012) 2958–2966HCV protein/membrane interaction is an attractive target for
antiviral drug development, we have characterized the topology of
HCV NS4B protein. We have analyzed the distribution of the hydro-
phobic moment distribution [24–27] of NS4B pertaining to thirty-
one different strains representing the seven major genotypes of
HCV through the transformation of two-dimensional plots of hydro-
phobicity and interfaciality. Furthermore, we have analyzed the ef-
fect of a peptide library encompassing the full length of the NS4B
protein on the phase transitions of DEPE through the use of differen-
tial scanning calorimetry (DSC). This study shows that NS4B has ﬁve
transmembrane domains and the possibility that a sixth one could be
formed. This segment, segment AH2, could behave similarly to viral
pre-transmembrane segments which would strongly partition into
and interact with the membrane. These data will help us to under-
stand the molecular mechanism of viral replication as well as the fu-
ture development of HCV inhibitors which may lead to new vaccine
strategies.
2. Materials and methods
2.1. Materials and reagents
One set of 40 peptides derived fromHCV1a_H77 protein NS4B (strict-
ly speaking, NS4B spans from residue 1712 to residue 1972 of the HCV
polyprotein precursor) was obtained through the NIH AIDS Research
and Reference Reagent Program (Division of AIDS, NIAID, NIH, Bethesda,
MD). The sequence of the peptides pertaining to theNS4Bprotein derived
peptide library fromHCV1a_H77 strain is shown in Supplemental Table 1.
1,2-Dielaidoyl-sn-glycero-3-phosphatidylethanolamine (DEPE) was
obtained from Avanti Polar Lipids (Alabaster, AL, USA). All other
chemicals were commercial samples of the highest purity available
(Sigma-Aldrich, Madrid, ES). Water was deionized, twice-distilled
and passed through a Milli-Q equipment (Millipore Ibérica, Madrid,
ES) to a resistivity higher than 18 MΩ cm.
2.2. Vesicle preparation
Aliquots containing the appropriate amount of lipid in chloroform-
methanol (2:1 vol/vol) were placed in a test tube, the solvents were re-
moved by evaporation under a stream of O2-free nitrogen, and ﬁnally,
traces of solvents were eliminated under vacuum in the dark for
>3 h. The lipid ﬁlmswere resuspended in an appropriate buffer and in-
cubated at 10 °C above the main phase transition temperature (Tm)
with intermittent vortexing for 30 min to hydrate the samples and ob-
tainmultilamellar vesicles (MLV). The sampleswere frozen and thawed
ﬁve times to ensure complete homogenization and maximization of
peptide/lipid contacts with occasional vortexing. The phospholipid
and peptide concentrations were measured by methods described pre-
viously [28,29].
2.3. Differential scanning calorimetry
MLVs were formed as stated above in 20 mMHEPES, 100 mMNaCl,
0.1 mMEDTA, and pH7.4. The peptideswere added to obtain a peptide/
lipidmolar ratio of 1:15 and incubated at 10 °C above the Tm of DEPE for
30 min with occasional vortexing and then centrifuged. Samples
containing 1.5 mg of total phospholipid were transferred to 50 μl DSC
aluminum and hermetically sealed pans and subjected to DSC analysis
in the differential scanning calorimeter Pyris 6 DSC (Perkin-Elmer In-
struments, Shelton, USA) under a constant external pressure of 30 psi
in order to avoid bubble formation. Thermograms were recorded at a
constant rate of 4 °C/min. After data acquisition, the pans were opened
and the phospholipid content was determined. To avoid artifacts due to
the thermal history of the sample, the ﬁrst scan was never considered;
second and further scans were carried out until a reproducible and re-
versible pattern was obtained. Data acquisition was performed usingthe Pyris Software for Thermal Analysis, version 4.0 (Perkin-Elmer In-
struments LLC) and Microcal Origin software (Microcal Software Inc.,
Northampton, MA, USA) was used for data analysis. The thermograms
were deﬁned by the onset and completion temperatures of the transi-
tion peaks obtained from heating scans. The phase transition tempera-
ture was deﬁned as the temperature at the peak maximum.
2.4. Prediction of transmembrane regions
Prediction of the transmembrane domains of the NS4B protein has
been obtained by publicly available methods, i.e., TMAP [30], TMPRED
[31], TOPPRED [32,33], DAS [34], TTM [35,36], Phobius [37], TMHMM
[38] and MemsatSVM [39]. Kyte–Doolittle hydrophobicity plots were
calculated using a window size of 19 residues [40].
2.5. Water-membrane transfer free energy representations
Values of the water-membrane and water-interface transfer free en-
ergies have been obtained from the scales of Goldman, Engelman and
Steitz [41], Wimley and White [42], Hessa, White and von Heijne [43],
Eisenberg andWeiss [44] andMeiler et al. [45]. Two dimensional hydro-
phobicity and interfaciality plots of the different protein sequences, as-
suming an α-helix structure, have been obtained as already described
(see [24,42,46,47] for a detailed explanation of the methodology). Each
speciﬁc value in the two-dimensional plot represents the mean of the
hydrophobicity and interfaciality values pertaining to amino acid at
that position and its neighbors. Subsequently, transfer free energies
were normalized independently for each different scale and converted
to the lineal sequence using a window size of 7 in order to better visual-
ize the plots.
2.6. HCV strains
We have chosen thirty-one reference HCV strains representing the
seven major genotypes of HCV from the HCV database HCVdb (http://
www.hcvdb.org/index.asp). The thirty-one reference HCV strains
were: 1A_1, 1A_H77, 1B_CON1, 1B_HC-J4, 1C_HC-G9, 1G_1804,
2A_HC-J6, 2B_JPUT971017, 2C_BEBE1, 2I_D54, 2K_VAT96, 3A_NZL1,
3B_TR-KJ, 3K_JK049, 4A_ED43, 4D_24, 4F_CM_DAV9905, 4K_PB65185,
5A_EUH1480, 6A_6A33, 6B_TH580, 6C_TH846, 6D_VN235, 6E_D42,
6F_C-0044, 6G_JK046, 6H_VN004, 6K_VN405, 6O_D85, 6T_D49 and
7A_QC69. The alignment and the consensus sequence of the thirty-
one NS4B sequences are presented in Supplemental Table 1. We have
followed throughout this work the HCV NS4B protein numbering
scheme, i.e., 1 to 261 (polyprotein numbering from 1712 to 1972).
3. Results and discussion
The membrane environment is a complex milieu where membrane
proteins are localized. The topology of an integral membrane protein is
directed by a group of properties, such as structure, sequence, amino
acid properties and disposition, as well as a direct interaction between
the protein and the membrane lipids, attaining an energy minimum for
the system [43,48]. Transmembrane proteins are therefore subject to
structural and physical constraintswhich, as a consequence, force specif-
ic amino acid compositions and distribution in the proteins. The amino
acid properties of the residues found in a transmembrane domain indi-
cate that hydrophobicity in general is one of themost important proper-
ties which lead the disposition of the protein in the membrane [49].
Moreover, the disposition in the membrane of the transmembrane seg-
ments of a protein follows general thermodynamic principles [50]. In
principle, these constrains should facilitate the prediction of the
membrane-interacting domains of membrane proteins as well as the re-
connaissance of their transmembrane domains. In the last years a pleth-
ora of computational tools has been made available to identify the
topology ofmembrane proteins through the use of hydrophobicity scales
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Fig. 1. (A) Average Kyte–Doolitle hydrophobicity plot of the thirty-one sequences of
NS4B protein from different HCV strains calculated using a window size of 19. Scores
greater than 1.8 (dotted line) indicate possible transmembrane regions [40]. (B) Pre-
diction of the transmembrane regions (continuous lines) of the thirty-one sequences
of NS4B protein from different HCV strains using the programs TMAP [30], TMPRED
[31], TOPPRED [32,33], DAS [34], TTM [35,36], Phobius [37], TMHMM [38] and
MemsatSVM [39]. The thirty-one HCV strains are indicated in Supplemental Table 2.
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a membrane protein should be better correlated with protein secondary
structure than with lineal sequence. We have demonstrated the feasibil-
ity of the analysis of hydrophobicity along a membrane protein, assum-
ing it forms an α-helical wheel, to obtain information on the potential
surface zones that could be implicated in the modulation of membrane
binding and/or interaction [24–27,46]. It should be recalled that mem-
brane proteins, apart from outer membrane β-barrel proteins, have a
predominantα-helical structure. These studies have helped us to under-
stand themechanisms underlying the interaction between viral proteins
and membranes. In this work we have used this methodology as well as
the effect of an NS4B peptide library on model biomembranes to gather
information on the transmembrane topology of the highly hydrophobic
protein NS4B from HCV protein.
NS4B, due to its highly hydrophobic character, is the least character-
ized HCV protein and therefore many questions remain unanswered
about its transmembrane topology. NS4B reveals signiﬁcant similarities
throughout all investigated viruses of the Flaviviridae family, and is rela-
tivelywell conserved among the different subtypes of the virus. Therefore
the comparison of their different sequences is amenable to study. The
HCV NS4B protein is predicted to be comprised of an N-terminal part
(residues 1 to 69), a central part comprising four, or even ﬁve, transmem-
brane domains (residues 70 to 190) and a C-terminal part (residues 191
to 261) [10,20–23]. The Kyte–Doolittle hydrophobicity representation
has been a well-known tool to infer the transmembrane domains of
membrane proteins [40]. The Kyte–Doolittle hydrophobicity plot of the
NS4B protein pertaining to HCV strain 1a_H77 is shown in Fig. 1A. As
shown in the ﬁgure, only one transmembrane region is clearly observed,
i.e., the region comprising residues fromabout 170 to about 190. The large
region comprising residues 60 to 160 showrelatively highhydrophobicity
values but the data precludes one to know accurately the number and ex-
tension of the transmembrane regions [23]. A number of programs used
to predict the number and extension of the transmembrane regions of
proteins, when applied to the sequence of protein NS4B strain 1a_H77,
differ signiﬁcantly from the number, length and position of the trans-
membrane regions found (Fig. 1B). As observed in the data, only two re-
gions are consistently predicted as a transmembrane region, i.e., the
regions comprising residues from125 to145 and from170 to185approx-
imately. Some programs predict the existence of several transmembrane
regions fromresidues 52 to 120 and fromresidues 225 to 245, but no clear
cutoffs can be discerned (Fig. 1B). It is therefore very difﬁcult to map the
number and extension of the transmembrane regions for a highly hydro-
phobic protein as HCV NS4B using these tools which rely on protein pri-
mary structure, i.e., lineal sequence.
In order to circumvent the problem of the analysis of the transmem-
brane domains of membrane proteins based only on their primary
structure, we assumed as the very ﬁrst step that their secondary struc-
ture is completelyα-helical (see references [24–27,46]). In this way it is
possible to analyze the transmembrane domains of these proteins by
relying on their secondary structure rather than on the primary one.
The sequences of nine different proteins with known transmembrane
domains have been chosen to compare with: L-carnitine/gamma-
butyrobetaine antiporter from Proteus mirabilis (C2LLR0_PROMI, 12
transmembrane domains), amine oxidase [ﬂavin-containing] B from
Homo sapiens (AOFB_HUMAN, 1 transmembrane domain), nitric oxide
reductase subunit B from Pseudomonas aeruginosa (NORB_PSEAE, 12Fig. 2. Normalized water-to-bilayer transfer free energies. The membrane proteins repre
mirabilis), (B) AOFB_HUMAN (amine oxidase [ﬂavin-containing] B, Homo sapiens), (C) N
HUMAN (beta-2 adrenergic receptor, Homo sapiens), (E) BACH_HALSA (halorhodops
Rhodopseudomonas viridis), (G) BACR_HALSA (bacteriorhodopsin, Halobacterium salinarium
immunodeﬁciency virus type 1, group M, subtype B, isolate HXB2). The upper panel displa
the known transmembrane domains of the proteins. See Mpstruc, http://blanco.biomol.uci.e
normalized water-to-bilayer transfer free energy value and the number of residues in each
non-transmembrane segments by (○) and the fusion peptide of HIV_GP41 by (◊). Segment
Normalized water-to-bilayer transfer free energies derived from the scales of Goldman, Enge
[45].transmembrane domains), beta-2 adrenergic receptor from H. sapiens
(ADRB2_HUMAN, 7 transmembrane domains), halorhodopsin from
Halobacterium salinarium (BACH_HALSA, 7 transmembrane do-
mains), reaction center protein L chain from Rhodopseudomonas
viridis (RCEL_RHOVI, 5 transmembrane domains), bacteriorhodopsin
from H. salinarium (BACR_HALSA, 7 transmembrane domains),
aquaporin-4 from H. sapiens (AQP4_HUMAN, 6 transmembrane do-
mains) and GP41 from human immunodeﬁciency virus type 1,
isolate HXB2 (ENV_HV1H2, 1 transmembrane domain). The normal-
ized water-to-bilayer transfer free energies for these proteins are
shown in Fig. 2A–I along with the location of their known transmem-
brane domains. It is possible to observe a very good correlation be-
tween the intensity and extension of different segments in the
normalized plots with the transmembrane domains of the proteins.
The relationship between segment intensity with number of resi-
dues in the segment is represented in Fig. 2J. A clear cutoff is ob-
served between segments pertaining to transmembrane segments
and those segments with a relatively high intensity but a lowsented are (A) C2LLR0_PROMI (L-carnitine/gamma-butyrobetaine antiporter, Proteus
ORB_PSEAE (nitric oxide reductase subunit B, Pseudomonas aeruginosa), (D) ADRB2_
in, Halobacterium salinarium), (F) RCEL_RHOVI (reaction center protein L chain,
), (H) AQP4_HUMAN (aquaporin-4, Homo sapiens) and (I) ENV_HV1H2 (GP41, human
ys the normalized water-to-bilayer transfer free energies and the lower panel displays
du/mpstruc/listAll/list, for further information. The relationship between the maximum
segment is represented in (J). Known transmembrane segments are denoted by (●),
s from NS4B are numbered 1–8 as in Fig. 3A. See text for details.
lman and Steitz [41], Wimley andWhite [42], Eisenberg andWeiss [44] andMeiler et al.
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The normalized water-to-bilayer transfer free energies were derived from the scales of Goldman, Engelman and Steitz [41], Wimley and White [42], Eisenberg and Weiss [44] and
Meiler et al. [45], whereas the normalized water-to-interface transfer free energies were derived from the scales of Wimley and White [42] and Meiler et al. [45].
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Fig. 2J that the fusion peptide of HIV GP41 looks like a transmem-
brane domain by hydrophobicity and extension [46] and a trans-
membrane domain of protein BACR_HALSA is not deﬁned as such.
The results shown in Fig. 2 demonstrate the feasibility of this approach,
since we have been able to estimate with very good conﬁdence the
transmembrane domains of different membrane proteins, supposing
they adopt an α-helical structure.
HCV is an extremely variable virus that forms many variants within
the host. Seven different genotypes have now been deﬁned, and each of
those is subdivided into a total of more than 50 subtypes. However, HCV
NS4B protein, due to its distinctive characteristics, is very well con-
served among the different subtypes of the virus (all of them being
261 amino acids long, see Supplemental Table 2; the percentage identity
of the 31 different sequences of NS4B pertaining to the 31 different
strains of HCV is shown in Supplemental Table 3). It is also interesting
to note that the less conserved part of the protein corresponds to the
N-terminal part of the protein followed by the C-terminal portion, in ac-
cordance with previous results [23]. HCV NS4B possesses three amphi-
pathic α-helical segments, one at the N-terminal part of the protein
encompassing approximately amino acids 46 to 68, segment AH2 [18]
and two, segments H1 and H2, in the C-terminal part encompassing ap-
proximately amino acids 211 to 218 and 229 to 240, respectively [23].
Additionally, a loop has been proposed from amino acids 142 to 153
[21], and two luminal loops have been shown around positions 112
and 162 [20]. NS4B possesses a nucleotide-binding motif in the region
encompassing approximately amino acids 129 to 135 [19]. If that were
true, the probability to ﬁnd transmembrane domains within segments
or residues 46–68, 112, 129–135, 142–153, 162, 193–200, 211–218
and 229–238 of NS4B would be low [51,52]. It is interesting to note
that, due to the similarity of the different NS4B sequences pertaining
to the different HCV strains mentioned above (see Supplemental Tables
2 and 3), the predicted secondary structure of NS4B should be similar to
all the HCV strains. We have obtained the normalized water-to-bilayer
and water-to-interface transfer free energies for the thirty-one repre-
sentative sequences of NS4B shown in Supplemental Table 2 and aver-
aged all of them. The average normalized water-to-bilayer transferfree energy of the thirty-one protein sequences is shown in Fig. 3A. It
is possible to discern 8 different regions having different intensities
and amino acid extensions: region 1 encompassing amino acids from
53 to 71, region 2 from 72 to 90, region 3 from 91 to 111, region 4
from 113 to 133, region 5 from 135 to 156, region 6 from 170 to 189, re-
gion 7 from 204 to 211 and region 8 from 234 to 244. Region 1would be
comprised by 19 amino acids, region 2 by 19 amino acids, region 3 by 21
amino acids, region 4 by 21 amino acids, region 5 by 22 amino acids, re-
gion 6 by 20 amino acids, region 7 by 8 amino acids and region 8 by 11
amino acids.
As it has beenmentioned above, it has been predicted that NS4B pos-
sesses four or even ﬁve transmembrane domains [10,20–22]. As observed
in Figs. 2J and 3A, regions 2, 3, 4, 5 and 6 of the NS4B protein have high
water-to-bilayer free energy values and residue lengths to be transmem-
brane segments in a similarway as predicted for the transmembrane pro-
teins mentioned above. Therefore, and in accordance with previously
published data, it might be supposed that regions 2, 3, 4, 5 and 6 are in-
deed transmembrane domains. Region 1, being 18 amino acids long, has
a relatively low water-to-bilayer transfer free energy so that it is in the
border between transmembrane and non-transmembrane segments
(Fig. 2J). The existence of pre-transmembrane domains in viral proteins
with a strong propensity for partitioning into membrane interfaces is
well‐known, with the pre-transmembrane domain of HIV GP41 as the
most well‐known [46,53–57]. These domains are characterized by
having high water-to-interface transfer free energies immediately
followed by high water-to-bilayer transfer free energies, usually with
some overlapping [46,58]. We have represented in Fig. 3B and C the
normalized water-to-bilayer and water-to-interface transfer free ener-
gies for the HCV NS4B and HIV GP41 regions encompassing amino
acids 45 to 80 and 140 to 200, respectively. It should be recalled that
the region encompassing amino acids 140–200 fromHIV GP41 contains
the proposed transmembrane domain of the protein (box, Fig. 3C). As
observed in the ﬁgures, both patterns are indeed very similar, with a
region of high water-to-interface transfer free energy immediately
followed by a region of high water-to-bilayer transfer free energy. The
only real difference between the two of them is the amino acid residue
extension, being lower for the NS4B segment than for the GP41 one.
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at the N-terminal part of the protein, segment AH2, and it strongly in-
teracts with model biomembranes (in preparation). Therefore, this re-
gion could interact with membranes in a similar way to other viral
pre-transmembrane domains, having also the potential to transverse
the bilayer as a transmembrane segment [14,18]. Regions 7 and
8 are rather small (8 and 11 amino acids in length, respectively) to betransmembrane domains. Apart from that, they coincide pretty well
with the proposed membrane-interacting amphipathic α-helical seg-
ments in the C-terminal part of the protein, H1 and H2 [23]. Signiﬁcant-
ly, thewater-to-bilayer andwater-to-interface transfer free energies for
regions 2 to 6 overlap entirely in contrast to region 1 (see Fig. 3A). This
data stress the fact that, as commented above, regions 2 to 6 should
be transmembrane domains. The high degree of resolution obtained
12 3 4 5 6
7 8
1 2 3 4 5 6
7 8
2 3 4 5 6
7 8
Fig. 5. Schematic representation of regions 1 to 8 of NS4B as described in the text. The
N-terminus of the protein could be translocated likely through the interaction of region
1 (NS4B segment AH2) with speciﬁc phospholipids and/or proteins. The protein seg-
ments have been roughly drawn to scale. The palmitoylation site is schematically indi-
cated at the C-terminus part of the protein. See text for details.
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membrane domains of membrane proteins can be discerned if we com-
pare Figs. 1A and 3A. The coarse hydrophobic pattern which is observed
between amino acids 50 to 200 in Fig. 1A has been replaced by a very
ﬁne one in Fig. 3A, where the hydrophobic zones are perfectly
delineated.
We have extended our study through the analysis of the effect on
the phase transitions of DEPE by a peptide library encompassing the
full length of the NS4B protein through the use of differential scan-
ning calorimetry, DSC, as observed in Fig. 4. Two and three consecu-
tive peptides in the library have an overlap of approximately 11 and
4 amino acids respectively, so it seems reasonable to think of the
combined effect of peptide groups, i.e., segments, rather than on the
effect of isolated peptides. These segments would deﬁne therefore
membrane interacting domains. Membrane lipids undergo a coopera-
tive melting reaction, linked to the loss of conformational order of the
lipid chains and inﬂuenced by many types of molecules including
peptides and proteins. In the case of DEPE, aqueous dispersions of
the pure phospholipid undergo a gel to liquid-crystalline phase tran-
sition (Lβ–Lα) in the lamellar phase at about 38 °C and in addition a
lamellar liquid-crystalline to hexagonal-HII (Lα–HII) phase transition
at about 63 °C [59]. By monitoring the effect of each peptide on the
phase transitions of DEPE we can obtain information on the structural
organization of the DEPE/peptide systems and the capacity of each
peptide to modify and/or modulate the polymorphic behavior of
phospholipid membranes [60]. As observed in Fig. 4A, both gel to
liquid-crystalline and lamellar liquid-crystalline to hexagonal-HII
transitions were present in all samples, independently of the peptides
tested. However, some peptides did change the temperatures of the
main and hexagonal phase transitions, being different in comparison
to the pure phospholipid. Greater differences were observed for the
HII transition, since this transition is much more sensitive than the la-
mellar one to molecular interactions [59].
When the NS4B derived peptides from the N-terminal part of the
protein were assayed, the ones which elicited a signiﬁcant effect on the
Lα–HII phase transition were peptides 4 and 7 (Fig. 4B). Whereas peptide
4 lowered the hexagonal Tm by 2.75 °C, peptide 7 lowered it by 6.08 °C.
Themain Tmwas lowered by 0.42 °C and 1.25 °C by peptides 4 and 7, re-
spectively (Fig. 4C). Peptide 4 presents a small water-to-bilayer free ener-
gy value (Fig. 3A) whereas peptide 7 coincides with the N-terminal
amphipathic α-helical segment characterized by having a high water-
to-interface transfer free energy values as commented above (Fig. 3B).
These data would corroborate the results shown above, i.e., the strong
propensity of this α-helical segment to partition and interact with the
membrane interface, and therefore it stresses the fact that this segment
would behave as a pre-transmembrane domain. When the NS4B derived
peptides from the C-terminal part of the protein were assayed, the ones
which elicited a signiﬁcant effect on the Lα–HII phase transitionwere pep-
tides 30, 33, 34 and 38 (Fig. 4B).Whereas peptides 30, 33 and 34 lowered
the hexagonal Tm by 1.81 °C, peptide 38 increased it by 1.76 °C. Interest-
ingly, peptides 30, 33 and 34 coincide with the previously described H1
membrane-interacting segment, whereas peptide 38 overlaps with the
H2 membranotropic one [25,26]. However, these peptides did not elicit
a signiﬁcant effect of themain Tm transition (Fig. 4C). Themost signiﬁcant
effect on both DEPE transitions was observed for some peptides
pertaining to the central part of the protein, i.e., peptides 11, 16, 17, 19,
22, 23, 25 and 26 (Fig. 4B and C). Peptide 11 lowered the hexagonal Tm
by 2.12 °C, peptide 17 by 6.83 °C, peptide 19 by 3.05 °C, peptide 23 by
2.02 °C, peptide 25 by 2.51 °C and peptide 26 by 2.56 °C. Peptide 22 in-
creased it by 3.18 °C. For the main Tm of the phospholipid, peptide 16
lowered it by 0.56 °C, peptide 17 by 1.33 °C, peptide 19 by 0.46 °C and
peptides 25–26 by 0.16 °C. These peptides overlap with NS4B regions
2–6, as deﬁned previously, indicating their propensity to interact with
the membrane and stressing the fact that these regions are very hydro-
phobic ones. These data would therefore indicate that the N-terminal
and C-terminal regions of NS4B have membrane-interacting segmentswhereas the central part of the protein, being very hydrophobic, would
constitute the part which should be embedded in the palisade structure
of the membrane (Fig. 5). Biological membranes are highly dynamic as-
semblies of lipids and proteins and both of them are affected by similar
weak forces [61]. The structure and conformation of both types of mole-
cules are therefore modulated by their speciﬁc interactions. The change
of the Tm of DEPE would indicate that the phospholipid molecules in
themembrane have to rearrange to accommodate those interacting pep-
tides. The interactions between the peptides and the phospholipids
should be related to the overall water-to-bilayer and water-to-interface
transfer free energies of the original protein and should be indicative of
the propensity of those protein segments to modulate and interact with
the membrane. In this way, the membrane topology of NS4B could be a
dynamic one, being modulated by the interaction of NS4B region 1 (seg-
ment AH2) with speciﬁc phospholipids and/or proteins within the HCV
replication complex (Fig. 5).
The existence of a number of hydrophobic and interfacial regions in
theHCVNS4Bproteinwould suggest that these regions could oscillate be-
tween different conformations and deﬁne consequently the mechanism
of the viral replication complex formation. These conformational changes
could be envisaged as driven by the interaction with speciﬁc lipids or do-
mains in the membrane or even proteins; the inhibition of membrane/
protein and/or protein/protein interactions by direct action on NS4B
would be an additional approach to ﬁght against HCV infection. Due to
the highly hydrophobic nature of the protein, a detailed structure deter-
mination using experimental techniques will not be obtained in the
near future. However, a new picture is revealed from our analysis: there
are deﬁnitively ﬁve transmembrane domains in theNS4B protein, regions
2–6, with the possibility of a sixth one, region 1. This region could behave
as a pre-transmembrane domain, partitioning into and interacting with
the membrane depending on the membrane composition and/or other
proteins [19,20,62], being the region responsible for the ﬂuctuation of
2965F. Palomares-Jerez et al. / Biochimica et Biophysica Acta 1818 (2012) 2958–2966the protein between different topologies and therefore possible locations
[10,11,63].
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